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Modeling and numerical simulation of self-propelled particles in viscous fluid 
B8SD2002   Shun Imamura 
 
1 Introduction 
Dynamic self-assembly is a common phenomenon in flocks of animals, such as birds and fish. 
For example, birds fly in schools in the shape of a letter 'V', and fish align in the direction of 
propulsion to form vortex-like schools. Mechanisms and universality in dynamic self-assembly is an 
interesting problem in the field of non-equilibrium physics. In particular, non-equilibrium systems 
of self-propelled particles with a self-driven mechanism are known as active matter. We are 
interested in the dynamic self-assembly of individuals moving with given interaction rules, such as 
regular alignment to the direction of propulsion. 
 
In active matter, the collective motion of the self-propelled particles is classified into ``dry'' and 
``wet'' systems with strong or weak hydrodynamic interactions. The dry system is mainly in high 
Reynolds number region where hydrodynamic interactions are weak. On the other hand, the wet 
system is defined in mainly low Reynolds number region where hydrodynamic interactions are 
strong. Especially, in the wet system, the collective motion of self-propelled particles breaks 
action-reaction law due to hydrodynamic interactions, and many non-trivial dynamic self-assembly 
phenomena have been observed experimentally for mainly in bacteria, droplets and colloidal 
system. 
 
Self-propelled particles that determine the direction of propulsion using chemical substances, such 
as camphor and droplet systems, are called chemically active particles. In these motions, the 
collective behavior is observed such as spreading with regular intervals, forming lines, and forming 
a crystalline structure in experimental systems. 
On the other hand, in the collective behavior of the self-propelled particle system driven by external 
torque, known as Quincke rollers and magnetic colloidal rollers, self-assembly phenomena relative 
to the direction of propulsion are observed, such as spontaneous alignment of propulsion directions 
and a local acceleration of the direction of propulsion. 
 
In this study, we divide the phenomena of dynamic self-assembly into two aspects: configuration of 
particles and the alignment of direction of velocity/propulsion. First, we treat the motion of 
chemically active particles at an air-liquid interface to physically understand the self-assembly of 
particle configuration. Second, as a problem of self-organization in the direction of propulsion, we 
consider a self-propelled particle system driven by an external torque. Through these studies, we 
discuss the relationship between the self-organized structure and the effects of hydrodynamic 
interactions. 
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2 Modeling of chemically active particles at the air-liquid interface 
 We present a minimal model for chemically active particles at an air-liquid interface based on 
physical modeling. This is the first model to introduce these physical mechanisms simultaneously. 
In addition, our model can be broadly divided into four steady states: crystalline state, spreading 
state, liquid-like state, and worm-like state. These states have been observed in some experiments, 
such as camphor and droplet systems. We also identify the parameter region that each of the states 
emerges by introducing appropriate order parameters. 
 
3 Collective motion of self-propelled particles driven by external torque 
 We model torque-driven self-propelled particles using the smoothed profile method (SPM). In SPM, 
a particle is represented by a density field with a thickness of interface and are treated according to 
the governing equation of the viscous fluid. The collective motion of this torque-driven self-propelled 
particle system yields a spatial velocity correlation with a polar symmetry with respect to the 
direction of propulsion. This is similar to the symmetry of hydrodynamic interactions, and it is 
interesting to note that the interaction symmetry of individual particles contributes to the 
symmetry of the spatial correlation in the collective behavior. In addition, our model successfully 
reproduces the acceleration effect where local alignment occurs in the collective system and the 




We have considered dynamic self-assembly in self-propelled particles in wet systems in view of two 
aspects, configurations and velocity/propulsion directions, and performed modeling and numerical 
simulations inspired by experimental systems. In the modeling and simulations of chemically active 
particles, our model reproduces the characteristic steady states of the self-assembly of the particle 
configuration. In particular, we found that symmetry breaking due to hydrodynamic interactions 
leads to alignment phenomena such as worm-like cluster states. In torque-driven self-driven 
particle systems, the system has the relationship between the spatial velocity correlation and the 
symmetry of the hydrodynamic interaction, and the acceleration effects caused by local alignment 
interactions are discussed by direct numerical simulations. This study shows that the 
hydrodynamic interactions give the dynamic self-assembly related to both the configurations and 
velocity/propulsion directions in collective motion in the wet system. 
In the future, by using coarse-grained and continuum models, we would like to discuss whether 
individually imposed interactions, such as hydrodynamic interactions, affect the collective 
self-assembly structure from a symmetric point of view. 
Additionally, by such efforts, we hope to elucidate the connection between dynamic self-assembly 
and interactions acting on the self-propelled particles, such as flight with a school of V-shape and 
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れる「Quincke 効果」の 2 つの自己駆動機構についてモデル化とシミュレーションを行い，実際
の実験系との比較を行った。 







 論文の第 2 部では，容器にいれた溶媒の底面近傍に浮遊する誘電体粒子に外部電場を印加した
際に，誘電体粒子内部と周囲の溶媒の誘電応答の時定数の差異によって生じる誘電体粒子の自発
的回転運動（Quincke 効果）が周囲の溶媒の流動を生じさせ，その結果，誘電体粒子と容器の底
面との間の流体力学相互作用による誘電体粒子の自己駆動が生じる現象（Quincke Roller）を理
論的にモデル化し，多粒子系の集団運動をシミュレーションによって解析した。多粒子系の特徴
として，誘電体粒子間の流体相互作用により粒子の加速がおこり，粒子の速度分布が単一の粒子
の場合に比べて高速度側に大きなテールを引くことが確認された。この現象は実際の実験系の性
質をよく再現している。 
 このように，今村氏のモデルは，物理的な基礎過程に立脚し，アドホックな仮定を導入するこ
となく現実の自己駆動粒子系の特徴をとらえることに成功しており，生物集団の運動様式の説明
にもよく利用されるアクティブマター系の物理的な基礎を与える研究である。 
これらの研究は，同分野において価値のあるものであり，今村氏が自立して研究活動を行うに
必要な高度の研究能力と学識を有することを示している。したがって，今村舜氏提出の博士論文
は，博士（理学）の学位論文として合格と認める。 
